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HEATTRANSFERTOBODIESlItA HIGH-SPEED

&m-GAs S’I!REAM

By JacksonR. Staider,GlenGoodwin,
andMarcusO. Creager

Theequilibriumtemperatureandheat-transfercoefficientsfor
transversecylindersina high-speedstreamofrarefiedgaswere
measuredovera rangeofIGmdsennumbers,(ratioofmolecular-mean-free
path.to cylinderdiameter)from0.025tou.8 andforMachnumbersfrom
2.0to 3.3. Therangeoffree-streamReynoldsnumberswasfrom0.28to
203.

Themodelstestedwere0.0010-,0.0050-,0.030-,0.051-,0.080-,
and0.126-inch-diametercylindersheldnormalto thestream.

Forthecaseofhigh-speedflowofa rarefiedgasaboutcylinders,
thedataindicatethatfullydevelopedfree-moleculeflowfirstoccurs
atKnudsennumbersofapproximately2.0andthetemperature-recovery
factordependsprimarilyupontheKnudsennmiber.ForKnudsenntiers
greaterthan0.2,thetemperature-recoveryfactorexceedsa valueof
unityeventhoughfree-moleculeflowmaynotbe fullydeveloped.

Overtherangeof conditionscovered,inthepresenttests,the
Nusseltnumberisa functiononlyof theReynoldsnumiberifthevis-
cosityandthermalconductivityarebaseduponstagnationtemperature
andthedensitybaseduponfree-streamconditions.Forfree-molecule
flow,theheat-transferdataarewellcorrelatedbythetheorywiththe
accommodationcoefficientequalto0.90.

INTRODUCTION

Thesubjectofheattransferto orfrombodiesina high-speed
rarefiedgasstreamhasbecomeof Lqportanceinaeronautics.Therecent
practicalrealizationofmissileflightatveryhighaltitudeshas
stimulatedinterestinthesubject.A&o, in certainaspectsof
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@rid-tunneltesting,notablyturbulencestudiesin s~ersonicwind
tunnelsby meansofhot-wireanemometers,theeffectsof slipmaynot
be negligible.(See,e.g.,reference1.)

Thevariousphenomenaencounteredinhigh-speedflowof@ses are
oftendescribedintermsoftheReynoldsnumberandtheMachnumberof
theflow.Theformerparametermaybe consideredtobe a measureof
theeffectofviscosityandthelattera measureoftheeffectof
compressibilityontheflowfield.

Whenconsideringtheflowofrarefiedg=es~however)= ad~tion~
parameter,theKnudsennumber,becomesimpo*t. me n~en n~er
isdefinedastheratioofthemean-freemolecular,pathtoa character-
isticbodyMmension.Thisparameter,whichisa measureofthedegree
ofgasrarefaction,mayalsobe construedas definingthe@portanceof
theeffectofmolecularmotionsontheflowfield.WhentheKhudsen
nunberissmaXL(lessthan,say,0.001),theeffectofmolecularmotions
ontheflowisnegligibleand,inthisregime,thegascanbe treated
asa continuousmedium.Ontheotherhand,forlargevaluesofthe
~udsenn~er (oftheorderof10),theeffectofmolecularmotionsis
all-importantandthephenomenawhichoccurcanbe completelydescribed
intermsofthemotionsofindividualmolecules- ina statistical
sense,of course.By virtueofthewell-establishedlawsofmolecular
motions,thisso-called“free-molecule”regimeisreadilysusceptible
toanalysisandhasbeenthoroughlyexamined(references2 through8)
withrespecttobothaerodynamicandthermodynamicphenmmna.Experi-
mentalworkinthisregimewithrespectto externalflows(asopposed
toflowintribes)is,however,qtitemeager..Thepioneerworkof “
Epsteinin1924(reference3)wasconcernedtiththemeasurementofthe
dragof spheres;thetestswereconfinedtoverylow-speedmotions.
Recently,thedragandequilibriumtemperatureofa cylinderinhigh-
speedfree-moleculeflowwerereportedtireference8.

TheregimeofintermediateKnudsennunibers(0.001<K< 10)is
difficulttodealwithanalyticallyand,at thisthe, littlesuccess
hasbeenattainedinattemptstoanalyzethisportionofthefieldof
fluidmechanics.Someprogresshas been made, howe~erj W -PM ad .
Cowling(reference9),Schauiberg(reference10),andGrad(referenceXl).

Thetwogeneraltypesofapproachtotheproblemusedby theabove
authorshavebeendescribedbyllhlenbeck(referenceW). Briefly,the
firstapproachconsistsofapplyingcorrectiontermstotheNavier-
Stokescontinuumequationsandboundaryconditions,thefirstapproxi-
mationresultingina setofhigher-orderequations- theBurnett
equations.Theotherapproachistoattemptto solvetheBoltzmann
equationforthemolecularvelocitydistribution>‘w~~~ ~ effect~
resultsinobtainingcorrectiontermsto theMaxwellvelocitydistri-
butionequation.Bothofthesemethodsareessentiallypertibation
methods.Inthefirstqpproachsolutionsareobtainedintermsof
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powerseriesoftheKhudsennrmiber,whileinthesecondmethod
areobtainedintermsofthereciprocaloftheKnudsennumber.
methodswillfail.forKnudsennumbersoftheorderofunitiJ.

3

solutions
Both

As inthecaseoffree-moleculeflows,littleexperimentalwork
hasbeendoneintheintermediateregimeforthecaseofhigh-speed
externalflows.However,Kane(reference13)hasreportedresultsof
dragtestson spheresinthisregime.

Thegeneralpurposeoftheresearchdescribedinthispaperwasto
studytheheat-transferprocessesthatoccurbetweena bodyanda high-
speedrarefiedgasstream.Moreparticularly,itwashopedthatthe
experimentaldatawouldyieldtwoimportantresults:first,theprcper
groupingofvariablesto obtaincorrelationofheat-transferdatain
theanalyticallyintractable“sliy-flow”,regimeintermediatebetween
thecontinuumandfree-moleculeregimes;andsecond,to defineapproxi-
matevaluesofthe~arameterswhichdelineatethethreeregimesforthe
particularconfigurationusedinthesetests.

Expertientildatawereobtainedontheheattransferfrm circular
cylindersinthethreeregimesoffree-molecule,slip,andcontinuum
flows.Thedataarecomparedat smallvaluesoflhudsennumber
with
with
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thedataofreference1 and,forlargevaluesofKnudsennumber,
thefree-moleculeanalysisofrefere~ce8.

IWIA!TION

specificheatat constantpressure,foot-poundsperslug,%’

cylinderdiameter,feet

dimensionlessfunctionof s definedby

f(s)=Z1(S2+ 3) + z=
(s2+0 ~

dimensionless

gravitational

heat-transfer
second,%

functionof s definedbyg(s)= 3(Zl+Z~

acceleration,32.2feetpersecondsquared

coefficient,foot-poundspersquarefoot,

modifiedBesselfunctionoffirstkindandzeroorder

modifiedBesselfunctionoffirstkindandfirstorder

()
Knudsennumber $ , dimensionless

’24foot-poundsperOFpermoleculeBoltzmannconstant,5.66x 10
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.

()Nusseltnmhr ‘ha , dimensionless
T

staticpressure,poundspersquarefoot

Prandtlnumber
()
Cp: , dimensionless

heattransfenedfrombody,foot-poundspersquarefoot,second

(
y-lr M2temperature-recoveryfactor,definedby Te = T 1 + ~

)
>

dimensionless

gasconstant,foot-poundsperpound,OFabsolute

Reynoldsnuniber
()
Udp— , dimensionless
P

()
molecularspeedratio ~ , @ensionless

m

free-stream

temperature

equilibrium

streammass

statictemperature,% absolute

ofthecylinder,OFabsolute

temperature,% absolute

velocity,feetyersecond

acousticspeed(~fl@), feetpersecond

mostprobablemolecularspeed(A/~@), feetpersecond

meanmolectiarspee.(&), feetpersecond

dimensionlessfunctionof s definedby

dimensionlessfunctionof s definedby

‘2’ “s’[10(3+11(-31 ‘q(-
accomnodationcoefficient,dimensionless

ratioof &ecificheats,dimensionless

‘1’ ‘lO(ae=(-a
S2
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)

o

c.

\

.- — — —— --- —.



NACATN 2438 5

.

u thermalconductivity,foot-youndsyersecond,squarefoot,
OFperfoot

P viscosity,~ound-secondspersquarefoot

v ()kinematicviscosity~ , squarefeetpersecond

P gasdensity,slugsperctiicfoot

Subscript

10 refersto thefactthattheviscosityandthermalconductivity
wereevaluatedat stagnationtemperaturewhilethedensity
wasevaluatedatfree-streamconditions

ANALYSIS

SomeGeneralRelationsBetweenVariables

Beforeproceedingwiththeanalysis,itisdesirableto s~tdowna
fewrelationswhichareusedthroughout.Thehxisennumber,K = Z/d,
canbe relatedto theMachandReynoldsnumbersas follows:

u-
M Va

—= —
Re UdP

(1)

Fromreference14,yage147,theviscosityofa rarefiedgascomposedof
hardelasticspheresandhavinga Maxwellianvelocitydistributioncan
be expressedintermsoftheden~ity,meanmolecularvelocity,andmean-
freemolecularpath,~= 0.499Pv 2. Thus,veryclosely,

M
K= f

$K

Themolecularspeedratio s,whichisa primaryvariableinthe
analysisoffree-moleculeflows,isdefinedas S = U/Vm. Since
~m=- and va=~=, wehavea relationbe~een s and M

(2)

(3)
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. HeatTransferFromCylindersin’Free-Molecule
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Flow

Heattransferfroma circularcylinderorientedtransverselytoa
gasstreamhasbeentreated,forthecaseoffree-moleculeflow,in
reference8. It isuseful,however,to examinethefinalequations,
derivedthereinwitha viewtoputtingtheminsuchformaswillallow
plottingoftheexperimentaldataona basiscomparabletithcontinuum
a&ta.

Theequationforheattransferfroma cylindertoa diatomic@s
streamisshow-ninreference8 tobe (neglectingradiationterms)

Tc &a/2
~g(s) - f(s)-— Q=O

pvma (4)

Onecandefinea heat-transfercoefficientperunitareaas

h= Q
Tc - Te (5)

wheie Te istheequilibriumtemperatureassumedby thecylinderin
theabsenceofheattransfer.Theq~tity Te canbe obtainedfrom
equation(4)by settingtheterm Q equalto zeroinwhichcase Tc
equalsTe. Thu,

Te=T
+
f s)
gs

Then,substitutionofequations(4)and (6) intoequation(5)yields

h .pvmag(s)

2#2 T

(6)

(7)

Ifuseismadeoftherelationp/T= g~, equation(7) canbe rewritten
as

Nu = gaR RePr @
2fl3%* s

Substitutingnumericalvaluesfortheconstants,forthecaseof
nitrogengas,we have,

NU = 0.0264a RePr ~s

(8)

(9)
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The term g(s)/s
andapproachesa
are

7

isnearlyconstsatfor.valuesof s greaterthan2
valueof 6X asymptotica~y.me limitingvalues

Thenforvaluesof s >2

[1g(s) =%
s sS+o

[1,I?(s) =6&s s+ =

we have,verynearly,

Ml = 0.283aRe Pr (lo)1
Forgases,thePrandtlnuniber,Pr,isnearlyconstantovera wide
temperaturerangeand,fordiatomic~ses,hasa valueofabout0.72
atOoF. Stistitutionofthisvaluefor Pr intoequation(10)yields
thefinalequationforheattransferfroma transversecylinderina
highspeed(s>2) free-moleculeflowfield

‘Nu=0.204a Re (u)

DESCRD?TIO?OFEQ~MENTAND EXPERIMENTALTECHNIQUE

TheWindTunnel

TheAmesLaboratorylow-densitywindtunnel,in
testswereconducted,isan open-jet,nonreturn-type
describedindetailinreference8. A sketchofthe
ofthewindtunnelisshowninfigure1.

whichthepresent
tunnelandis
majorcomponents

Thenozzlesusedinthepresenttest,however,differedfromthose
describedinreference8 andforthatreasonwillbe describedindetail
here.Thenozzlesusedwereaxiallysymmetric,1-1/2inchesinexit
diameter,andhad~orouswallstoallowpartoftheboundarylayerto
be removedby suction.Thenozzlecontoursweredeterminedby calcu-
latingtheshapeoftheinnercore(assumedinviscid)by themethodof
characteristics,as outlinedinreference15,andapplyinga boundary-
layercorrectiontothecon,to~.Theboundary-layercorrectionwas
calculatedusingthevonKarmanmomentum-int@raltheorygivenby Schaaf
inreference16. Thecorrectionactuallyappliedtothenozzlecontours
correspondedto thatcalculatedforthehighestpressurelevelused.

Thenozzleswereconstructedby sticking2-inch-diameter,thin,
metalshimstothedesiredlengbh.Thestackof shimswasheldtogether
by fourthrough-boltsandwasmachinedtothecalculatedinternal

—— -—-—--—.——--—— .——.— ..—— ———— —- —.-=--- ——-
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contour.ThenozzlewaUs weremadeporousby discardingeveryother
solidshimandreplacingitwithsmallspacersaroundeachofthefour
through-bolts. The*shimthiclmesswasvariedalongthelengthofthe
nozzleinorderto obtaina reasonablyuniformsuctionvelocitynormal
tothewall..Thenozzleboundary-la~erremovalwasaccomplishedby
connectinga chamberaroundthenozzleto oneofthemainvacuumpumps.
Theporousnozzleisshowndiagram&ticallyinfigure2.

Theuseofboundary-layerremovalresultedina nozzlewhichpro-
ducedan essentia-constantMachnumberoverthecenterthirdof its
dismeterincontrastwiththesolidnozzlesdescribedinreference8
whichproducedessentiallya parabolicMachnuniberdistribution.Also
theuseofboundary-layerremovalpermittedthepressurelevelofthe
windtunneltobe changedby a factorof2_-1/2,whiletheMachnumber
variedonlyby about= percent.A typicalMachnunberdistribution
obtatiedwithandwithoutboundary-layersuctionis showninfigure3.

ThethreenozzlesusedinthetestsproducedMachrnuibersof2.00
*1-1/2Percent,2.5oA2percent,and3.15*2percentovera ~ge of
pressurelevelsfrom80to200micronsofmercuryabsoluteinthecenter
half-inchofthejet.

.

ModelsTested

Themodelstestedwererightcircularcylindersheldnormalto the
airstreamby copperrodsfastenedtotheendsofthecylinders.six
modelswereusedinthetests;theirdiameters,testlengths,andtypes
ofconstructionaregiveninthefollowingtable:

Model Dismeter TestMaterial (in.) length Remarksno. (in.)

1 Pt-Nialloy 0.0010 0.434 Solid

2 Pt .0050 .480 Solid

3 Fe - Constantan .030 .50 Butt-welded
thermoco~le

4 Pt filmon
Pyrexglass .08Q .530 Solid

5 Ni .051 .380

{

Niwirewound
on ceramic

6 Ni .126 .3&3 , tube

.
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Models1 through4 hadguardheaterswoundonthecoppersupport
* rodstoallowthetemperatureoftheendsofthemodelstobe adjusted

inordertopreventendlosses.Thermocouplesweresolderedtoeach
endsupportinorderthatthemodelendtemperaturecouldbemeasured.
Figure4 showsthearrangementofthemodelanditssupportsinthe “
stream.Models5 and6 wereconstructedby wrapping0.003-inch-diameter
insulatednickelwireona ceramictube.Voltageleadsweresolderedto
eachendofthetestlengthandbroughtoutthroughtheceramictubeto
theendsofthemodel.Themodelwasthendippedina thinsolutionof ‘
enamelto obtaina smoothsurface.Thesemodelsweremadelongenough
to completelyspanthenozzle.

Model3 wasa butt-weldediron-constantanthermocouplewiththe
junctionlocatedinthecenterofthetestlength.

Modelkwas constructedbycoatinga Pyrexglassrodwitha very
thinlayerofplatinum.Themodelwasmountedas showninfigurekby
solderingthecopperrodsdirectlytotheplatinumcoating.

Thetemperatureofallthemodels,exceptnumber3,wasdetermined
fromtheirresistancewhichwas‘measuredby comparingthevoltagedrop “
acrossthemodeltothevoltagedropacrossa standardresistorconnected
inserieswiththemodel.Thesevoltagesweremeasuredwitha direct-
currentpotentiometerandgalvanometershavinga leastcountof1’micro-
volt. Thetemperature-resistancecharacteristicsofeachmodelwere
determinedby calibratingthemodelina constanttemperaturebathover
therangeoftemperaturesencounteredinthetests.Thetemperatureof
model3 wasdeterminedby measuring,witha potentiometer,thethermo-
couplevoltagegeneratedatthejunction.

a TestProcedure

An impact-pressuretube,a static-pressuretube,andthetest
modelweremountedona commonsupportwhichcouldbe movedthroughthe
testareaofthejet. !l?he;windtunnelwasthenstartedandtheimpact
andstaticpressuresweremeasuredoverthetestareaofthenozzle.
Thestatic-pressuretubehasbeendescribedinreference8 andtheimpact-
pressuretubewasidenticalwiththeO.1~-inch-diameterimpact-pressure
tubedescribedinreference17. Pressure-measuringtechniquesarealso
describedinreference8. Theimpact-pressurecorrectionsduetoviscous
effects,giveninreference17,wereusedinorderto calculatethe
streamMachnuniber.

Afterthestreamconditionshadbeendetermined,thetestmodelwes
loweredintothestreamandtheequilibriumtemperaturesofthemodel
testlengthandendsweremeasured.Inthecaseofmodels1 and2,the
guardheaterswereusedtoraisethemodeiendtemperaturesuntilthey
wereequaltotheindicatedtest-lengthtemperature.Heatwasnot

_ ._.—____ -._.——._.= —-—--— .-——..——— .— ——— . . . ..-
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suppliedtotheendsofthe
libriumtemperatureas,for
were,ontheaverage,10oF
stream.
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othermodelsforthemeasurementof equi-
themostpart,theequilibriumtemperatures
belowthestagnationtemperatureofthe

Aftertheequilibriumtemperatureofthemodelwasmeasured,the
modelwasheatedbypassinga direct-currentfroma batterythroughthe
model.Formodels1, 2,and4,theendteqeratureswereadjusteduntil
therewasno temperaturedifferencebetweentheendsandthemodeltest
length.Whenthispointwasreached,thevoltageacrossthetestlength
ofthemodelandacrossthestandardresistorin serieswiththemodel
wasreadonthepotentiometer.Theheatsuppliedto themodelwasthen
theproductofthevoltagedropacrossthetestlengthofthemodeland
thecurrentthroughit.

Model3, thebutt-weldedthermocouple,wasnotusedintheheat-
trahsfertests.

Independentcontroloftheendtemperatureswasnotpossiblewith
models5 and6;howev~,thesemodelswereconstructedin sucha manner
thattheresistancetoheatfl~ alongthemodelswaslargeandthetest
lengthwasconfinedto thecenter3/8inchofthemodels,thusminimizing
endlosses.

The-tiationheatlossfromthemodelswasdeterminedby measuring
theheatlossovera rangeofmodeltemperatures,withno flowpassing
throughthetunnel,asthetest-chmiberpressurewasdecreasedtoward
zero.As itwasnotpossibleto obtaina test-chaniberpressurebelow
1 micronofmercuryabsolute,theactualradiationheatlosswasobtained
by extrapolatingthemeasuredheatlossto zeropressure.Models1 and
6werelaterplacedina chamberinwhichthepressurecouldbemain-
tainedat0.1micronofmercuryabsoluteandtheresultscheckedthe .

. exinapolatedtits.

Theroom-temperatureresistanceofthemodelswascheckedfromday
to dayand,ifa resistancechangedenoughsothatthetemperatureof
themodelwasindotitbymorethan2°F, themodelwaseitherrecali-
bratedorreplaced.

ThetestswereconductedatthreenominalMachnumbers,2.0,2.5,
and3.15andovera rangeofpressuresfram80to 200micronsofmercury
absolute.

Thetestgasusedwascommerciallypuredrynitrogen.

<.

●

.

.

A summsryofthetestdataisshownintableI. .
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RESULTSANDDISCUSSION

Recoveryforan Insulated

IL

Body

pointfora setofheat-transferexperimentsat
isthedeterminationoftheequilibriumtemperatureof
is,thetemperatureassumedby thebodyintheabsenceof
Inthecaseofa flatplateincontinuumflow,several

analysesareavailableforeachofthe-twocasesoflaminar& turbu-
lentboundarylayers.Intheseanalyses,theequilibriumtemperatureis
expressedintermsof ‘recoveryfactor,’fr,whichcanbe @plicitly
definedas

Te =
( )

T l+~rM=

A summaryoftheamailableexperimentalandtheoreticalresultsis
giveninreference18. Inbrief,thetheoreticalresultsindicatethe
recoveryfactorforlaminarboundarylayerstobe ind endentofboth

7MachandReynoldsnumbersandtohavea valueof Prl 2. Allthe
turbulent-boundary-layeranalysesassumedincompressibleflow,hence
Machnuribereffectsdonotappear.Theanalyses,ingeneral,indicate
thattherecoveryfactorforturbulentboundarylayersona flatplate
hasa valuecloseto Pr~@ withsomeanalysesshowinga minordepend-
enceofrecoveryfactorontheReynoldsnunber.

Forthecaseofa cylinderwithaxisnormaltothestream,little
theoryexistsandrecourseto experimentisrequired.Severalexperi-
mentshavecontributedinfotitionconcerntigtheequilibriumtempem-
tureoftransversecylindersinhigh-speedairstreams,notablythose
describedinreferences1,19,and20. Thereis considerabledisagree-
mentamongthedatacitedanda~arentlya definitiveexperimentwitha
systematicvariationofReynoldsandMachnuribershasyettobemade.

Theequilibriumtemperatureforthecaseof cylindersinfiee-
moleculeflowhasbeendeterminedboththeoreticallyandexperimentally
inreference8. Goodagreementwasobtainedbetweentheexperimental
resultsandthesomewhatsurprisingtheoreticalpredictionthatthe
cylinderequilibriumtemperaturewouldexceedthetotalor stagnation
temperatureofthe@s.stream.Thisphenomenon,of course,isindirect
contrastto thecorrespondingphenomenonwhichoccursundercontinuum-
flowconditionswherean insulatedbodycanhave,atmost,a temperature
equaltothestreamtotaltemperatureandnormallydoesnotevenattain
thistemperatureduetooutwardheatflowintheboundarylayer.The
anomalycanbe explained,however,by a considerationinthecaseof
free-moleculeflow,ofthema@tudes oftheincidentandre-emitted
molecularener~. Theincidentmolecularenergyis computedusingthe
totalvelocityresultingfromcombinationofthestreammassvelocity
andtherandomthermalvelocities.Whenthetotalvelocitytermis

o
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squaredthereresultsa term,whichistwicethescalarproductofthe
vectormassvelocityandthevectorthermalvelocity.Thisscalar
producttermeffectivelyincreasestheapyarentinternalenergyofthe
gasfromthecontinuumvalueof 3/2kT permoleculetoa valuevarying
from 2kT to 5/2kT dependinguponthespeedandorientationofthe
body. Theapparentinternalenergybecomes5/2kT forhighspeedsand
bodyanglesofattackgreaterthanzero.Thisis justequaltothe
internalpluspotentialenergypermoleculeofa cubeof continuumgas.
Therefore,theenergyincidentonthebodyinfree-moleculeflowbecomes
equalto thatofa continuumforlargevaluesofthemolecularspeed
ratioforsurfacesinclinedat anglesofattackgreaterthanzero.The
molecularenergywhichisre-emittedfromthesurfaceisassumedtobe
equaltotheener~ ofa streamissuingeffusivelyfroma Maxwellian
gas,inequilibriumat someyetunspecifiedtemperature,intoa perfect
vacuum. Forthecaseofan insulatedbody,thetemperatureofthis@s
isthatofthebody. Theener~ofthere-emittedstreamcalculatedin
thismannerisequalto 21We permolecule.Thecorrespondingenergy
fora continuumgasatthesametempentureis 5/2He permoleculeif
boththermalandpotentialenergiesareconsidered.Fora givenre-
emittedstreamtemperature,a smalleramountof energypermoleculeis
transportedfroma bodyforthecaseoffree-moleculeflowthanistrans-
portedinthecaseof continuumflow. Itis clearthat,ifthesametotal
amountof enera,namelytheincidentenergy,istobe removedh each
case,theeffusivestreamtemperatureand}hence>thebodytemperat~e
foran insulatedbodymustbe higherforfree-moleculeflowthanfor
continuumflow.

Theequilibriumtemperaturefora cylinderina free-moleculeflow
fieldhasbeenshown(equation(6))tobe a functiononlyofthemole-
cularspeedratio,s,ortheMachrnmiber,M. (Seeequation(3).)

Becauseofthedifferentparametersuponwhichtherecoveryfactor
or equilibriumtemperaturedependsintheseveralregimes,itisdiffi-
culttoplotalltheequilibrium-temperatureorrecovery-fa”ctordataon
a singlegraph.However,forthecaseoffree-moleculeflow,thetheory
predictsthattheequilibrium-temperatureratioisa functionofthe
molecular-speedratioonly.Hence,ifwe shouldplottheratioofthe
measuredequilibrium-temperatureratio Te/T tothetheoretical
equilibrium-temperatureratio f(s)/g(s)asa functionoffiudsen
number,thedeviationoftheratiofroma valueofunityshoulddefine

o thelowerlimitoffree-moleculeflowintermsoftheI@udsennumber.
Thesedataareshownh figure5 andindicatethattheKnudsennumber
musthavea valueofapproximately2 inorderthatfullydevelopedfree-
moleculeflowexistfora transversecylinder.

Therecovery-factordataareshowninfigure6, plottedasa
n

functionofKnudsennumber.It canbe seenfromthisfigurethatthe
data,intherangeofKhudsennunibersfrom0.02to 2.0,arecorrelated
byfiudsennumberalonewithno systematicMachnumbereffectsshown.
It isfurtherevidentthat,forvaluesofKimdsennumbergreaterthan0.2,

— —
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therecoveryfactorexceedsa valueofunity,presumablyduetothe
developmentoffree-molecule-floweffects.Also,it canbe seenthat
forvaluesof~udsennumberlessthan0.2,therecoveryfactorhasa
constantvalueindicatingan independencefromReynoldsnumbereffects.

Heat-Transfer-TestResults

Thepresentationofheat-transferdataforthesetestsis,aswith
therecovery-factordata,besetwithdifficultyduetolackofa common
correlatingparameter.Theresultsoftheheat-transfertestsareshown
inoneforminfigure7 inwhich I?uIOisplottedasa functionof
Relo. Thesubscript10 referstothefactthattheviscosityandthermal
conductivitywereevaluatedat tunnelstagnationtemperature,whilethe
densitywasevaluatedatfree-streamconditions.Theuseof Nulo and
ReIo wassuggestedbyKov&znayandT&marck,whofoundthatttis
~articularchoiceof conditionsforevaluationofthees properties
elhinatedtheneedforincludingtheMachnumberasanadditional
variable.ThedataofKov&znayandT&marck(reference1)areshownas
a dottedlinewhichwascomputedfromtheexpression

I?ulo=0.580Relo1/2- 0.795

whichisan empiricalequationresultinginthebestfitoftheirdata.
Alltheheat-transferdataobtainedduringtheyresenttestsarecorre-
kted by thebrokenlinewithanaveragedeviationof*6percent.This
linewasfairedthroughthedataby themethodofleastsquaresandmay
be representedby therelation

NUlos 0.132ReloO”m (12)

Thesolidlinerepresentsequation(il.)ofthispaperwiththeaccomm-
odationcoefficienta havingthevalueof0.9. Thismlue of a WILS
chosento givethebestfitofthedataobtainedinthefree-molecule
rangeofKnudsennumbers.

At theotherextremerangeofReynoldsnunbers,however,itisseen
thatthedataobtainedintheAmesLaboratorylow-densitywindtunnel
indicateNusseltnunberssubslxantial.lybelowthosemeasuredby
Kov&znayandT6’rmarck.Whenthesedatawereobtained,itWM s~pected
thatthediscrepancywasduetoblockageeffectssincethemodel o
(1/8-inchdiameter)waslargecomparedtothediameter(1/2inch)ofthat
portionofthestreamsuitablefortesting.Consequently,someofthe
testswererepeatedusingtheUniversityof Californialow-densitywind
tunnel(seereference21 fordescription)whichhasa considerablylarger
(approximately3-inchdiameter)testingregion.ThehigherReynolds
nwiberdataobtainedintheUniversityof Californiatunnelagain indi-
catedNusseltnumbersbelowthoseobtainedby Kov&sznayandTormarck
althoughslightlyhigherthanthoseobtainedintheAmestunnel.The
factthatthepresentlow-densitydatawereobtainedintwodifferent

— . . .. —- .-—— ——-—— —- ——-— -———-— -- -—-—- —--— -————— ——-
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windtunnelsand(inthecase,oftheAmestest)withthreedifferent
models,whilethedataofKovasznayandT&marckarecorroboratedby the
dataofLowell(reference20),indicatesthatthedifferenceinNusselt
numibersisrealandisnotdueto experimentalerror.1

Thediscrepancymaybe dueto oneora conibinationofseveral
effects.First,thereistheprobabilitythata differenceintunnel
turbulencelevelexistedbetweenthetestsofKov&sznEyandT&marckand
Lowell,whichwereconductedatrelativelyhighpressures,andthepre-
senttestswhichwereconductedat etiremelylowpressures.Itappears
likelythattheturbulencelevelina low-densitynozzlewouldbe lowdue
tothelargeviscouseffectspresent.2Anotherpossiblereasonforthe
discrepancyisa difference@the structureoftheshockwaveaheadof
thecylinder.Ithasbeenshown(reference23)thatthethicknessofa
shockwaveisrektedtothe’densityofthestreamandcanbe described
intermsofa numberofmean-free-m~lecularpaths.Since
atwhichthepresenttestswereconductedisoftheorder
1/1000thatofthetestsofreferences1 and20,itwould
thattheresultantlargeincreasein shock-ws,Tethiclmess
testswouldhavesomeeffectupontheNusseltnumber.

It isalsoprobablethata correctionfortheeffect

thedensity
ofl/woto
appearpossible
inthepresent

ofviscosity—
shotidbe a~liedtothereadingsofthestaticpressuretube,aswas
doneinthecaseofthe@act pressurelnibereadings.Thevalueof
thiscorrection(whichwouldaffectthecalculatedMachandReynolds,
nmibers)isurdmownatpresent.

‘ CONCIUSIOIW

Thefollowingconclusionscanbe drawnfromthedatafortransverse
cylinderspresentedinthispaper:

1. Fullydevelopedfree-moleculeflowoccursforlCaudsennumbers
ofa~ro-tely 2 andhigher.

.

.

.

lItcanbeobservedthattheheat-transferdataobtainedintheUniversity
of CaliforniatunnelwiththeO.001-inch-diametermodelareingood
agreementwiththedataobtainedintheAmestunnel;however,itshould
bepointedoutthata shiftinthet~eraturecalibrationofthis
modelresultedinanuncertaintyoftheorderof*1Opercentinthe
dataobtaimedintheUniversityofCaliforniatunnel.

21npassing,itisnotedthatMcAdams(reference22)reportedlarge
changesinheat-transferratesfromcylindersduetovariationofthe

.

turbulenceleveloftheairstreamalthoughinsufficientdetailsofthe
originalexperimentalworkweregivento enableanyconclusionstobe
drawnthatwouldbe~ertinentto thepresentdiscussion.

.

——
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2. ForKin&en
factorexceedsunity
developed.

numbersgeaterthan0.2,
eventhoughfree-molecule

15

thetemperature-recovery
flowisnotfully

3. Forthecaseofhigh-speedflowofa rarefiedgasaboutcylin-
ders,thetemperature-recoveryfactorisprimarilydependentupon-
Knudsennumber.

4. Overtherangeof conditionscoveredinthe~resenttests,the
Nusseltnunberisa functiononlyoftheReynoldsnumberiftheviscosity
andthermalconductivityarebasedon stagnationtemperatureandthe
densitybasedon free-streamconditions.

5. Infree-moleculeflow,theheat-transferdataarewellcorre-
latedbythetheorywiththeaccommodationcoefficientequalto0.9.

AmesAeronauticalLaboYatoryj
NationalAdvisoryCommitteeforAeronautics,

MoffettField,Calif.,May14,1951.
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FIGURE l.- AMES

NoZZLE PUMP

LOW-DENSITY WIND TUNNEL.
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FIGURE 2.- CUTAWAY VIEW OF POROUS NOZZLE.
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FIGURE 3.- VARIATION OF MACH NUMBER WITH DISTANCE FROM CENTER OF STREAM
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